We propose a simple experiment in which the interaction of a gravitational wave with the electromagnetic field in a cavity takes the form of the standard quantum optomechanical hamiltonian. Fluctuations in the electric field due to interaction with a gravitational wave both in a coherent and squeezed states are then calculated, and it is shown that the field experiences infinite revivals of squeezing. Since revivals are a quantum mechanical effect, measuring these "gravitationally induced revivals" would provide evidence on the quantum nature of gravity.
Gravitational wave astronomy is now a reality [1] . In parallel, important developements in quantum technology have enabled the precise control and measurement of complex quantum states [2, 3] . Despite these advances in our knowledge of gravity and quantum mechanics, combining both ideas in a quantum theory of the gravitational field remains a daunting task. In this letter, we explore whether gravitational wave astronomy and quantum technologies can be jointly exploited to shed light on the quantum mechanical nature of gravity.
The question of whether gravity has a description in terms of quantum fields is a long standing one. Differently from electromagnetism [4] , the quantization of matter does not imply quantization of gravity [5] . On top of that it is well known that quantum mechanics imposes limits to the measurement of spacetime geometry [6] . In particular, if an object is sufficiently microscopic, measuring the curvature of spacetime generated by the object might be impossible [7, 8] . These and other arguments raise the question of wether gravity needs to be quantized in the first place [9] [10] [11] . Moreover, quantum corrections to gravity tipically scale as powers of the Planck length, an exceedingly small number [12] probably out of reach from conceivable experiments. Related to that is the question on the existence of gravitons, elementary excitations of the gravitational field [13] . Measuring gravitons is a challenging task which remains unachieved, despite some ideas in cosmology [14] .
One interesting possibility is to use quantum mechanics experiments to look for a witness of the quantumness of gravity [15] [16] [17] [18] . The present letter goes along that direction. We discuss a conceptually simple experiment which uses only coherent states and requires no superpositions of energy configurations in different locations that could in principle measure quantum mechanical effects deriving from the interaction of matter with a gravitational wave. We show that a passing gravitational wave induces quantum fluctuations in the electromagnetic field inside a cavity, producing (anti-)squeezed states depending on the moment of observation. In addition, the squeezing exhibits revivals. Revivals of squeezing are known to be a witness of non-classicality [19] and hence these ideas offer a way towards building evidence for the quantization of gravity. As we will also see, the hamiltonian describing the proposed experiment is equivalent to the canonical quantum optomechanics setup of a moving mirror interacting with the electromagnetic field in a cavity. The theory of quantum optomechanics can be applied to the study of quantum properties of gravitational waves and of the gravitational field itself. Optomechanical Hamiltonian. Consider a single-mode cavity with massive mirrors freely falling in spacetime. The cavity has a length 0 . As seen from the locally Lorentz reference frame of one of the mirrors, the passing of a weak gravitational wave will change the cavity length to 0 (1 + 1 2 h). The resonance frequency of the cavity fundamental mode will then be [20] , ω = nπ
where ω 0 = nπ/ 0 and n is an integer. This will induce an effective coupling between a gravitational wave strain h and the cavity mode through the electromagnetic hamiltonian ωa † a. For a + polarized gravitational wave aligned with the cavity axis and circularly polarized light, coupling of the electromagnetic field with the metric perturbations via the linearized Einstein-Maxwell lagrangian will be negligible, and the only effective interaction between the electromagnetic and gravitational fields will be given by the hamiltonian [21] ,
Here, a † a counts the number of excitations in the electromagnetic field,ĥ is the quantum gravitational wave field and b, b † are graviton annihilation and creation operators, respectively and Ω gw is the gravitational wave frequency. Natural units are used throughout. Radiation pressure arXiv:1911.11593v1 [quant-ph] 25 Nov 2019 can be made negligible by using very high mass mirrors while maintaining the effect of a gravitational wave on the system, since by the equivalence principle the effect of a gravitational wave upon a test mass is independent of the mass. In canonical form the operatorĥ restricted to a single frequency mode of the gravitational field can be written [13] ,ĥ
The quantity f s = √ 32πG Ω gw is the single graviton strain. We define the "normalized" coupling strength g = ω 0 f s /2 and the dimensionless quantity κ = g/Ω gw . Note that κ is an extremely small number; for a cavity field with frequency ω 0 = 5.6 × 10 14 Hz (visible light) we have κ ≈ 10 −28 . With these definitions the hamiltonian becomes,Ĥ
The effective coupling between the electromagnetic and gravitational field is proportional to the number of photons in the cavity. Note we have the standard hamiltonian of cavity quantum optomechanics [21] with the association oscillator position ∼ gravitational wave field.
Using this hamiltonian we can perform a quantum mechanical calculation of the effect of a gravitational wave on the electromagnetic field inside a cavity, and moreover we can find out what predictions quantum theory makes for fluctuations in the electric field of the cavity mode. These fluctuations can in principle be measured by a homodyne detector. We can also apply the theory of cavity quantum optomechanics to the search for quantum effects in the gravitational field. The same techniques used to show quantum behavior of mesoscopic massive oscillators can be used to search for gravitons and quantum effects in gravitational waves. The Heisenberg equation for the oscillator's annihilation operator reads [19] ,
where
Note that A(t) is proportional to κ 2 , a tremendously small number. We are entitled to consider only linear terms in κ and neglect higher-order terms. The Heisenberg equation becomes,
where D(−κγ) is a displacement operator acting on the gravitational wave mode. We can use these expressions to calculate the mean and variance of the electric field in the cavity for the case in which the light field and the gravitational wave field are in various quantum states. Next we consider the case of a coherent, and subsequently, of a squeezed gravitational wave background.
Coherent gravitational waves. Consider the complete state of the light and gravitational wave field to be in a product of coherent states |Ψ = |α |λ where for simplicity we choose α and λ real numbers. It is safe to consider the gravitational wave to be in a pure state since dispersion and decoherence are negligible over distances of even the radius of curvature of the Universe [22] . We also consider, for simplicity, monochormatic gravitational waves, which strictly speaking is not the case observed by gravitational wave detectors. Gravitational waves emitted from binary systems have a chirp in the frequency. Over short times, however, one may consider the waves as essentially monochromatic. Moreover, since we will be working under the approximation of weak, linearized gravity, the chirp in the gravitational wave will translate linearly, to a first approximation, to any imprinted fluctuations upon other fields.
The mean electric field normalized by the singlephoton electric field is,
where E s = ω 0 /2V , and V is the cavity mode-volume [23] . Using the Heisenberg equation of motion we find
Note that a = a † * , so the mean electric field can be obtained by summing (8) 
where terms of order κ 2 and higher have been neglected. We define the mean field difference δẼ = Ẽ − Ẽ 0 , with Ẽ 0 = 2α. This is,
Note that for a coherent state, the mean number of gravitons is given by λ = N g . This number can be related to the mean strain f by the energy density of a gravitational wave, E = (1/32πG)Ω 2 gw f 2 and the single-graviton energy density, E s = Ω 4 gw . We have N g = E/E s , from which we can calculate (κλ) = (ω 0 /2Ω gw )f . The "strain" in the electric field can then be obtained in terms of the gravitational wave strain,
The measured strain in the electric field is proportional to the strain of the passing gravitational wave, and oscillates with its frequency. This is analogous to the mechanical strain measured in the LIGO interferometer; the electric field in this case is analogous to a test mass position. Note that for a strain of f ≈ 10 −21 and the cavity mode in the optical frequency range, we have (ω 0 /Ω gw ) f ≈ 10 −7 /Ω gw . For a gravitational wave of 100 Hz, the typical frequency range of waves detected by LIGO, oscillations in the electric field are then on the order of one part in 10 9 . Incidentally, the phase fluctuations in LIGO are also of the same order, since ∆φ = b × (2πL/λ)f ≈ 10 −9 , where b ≈ 200 is the number of bounces of the photon within the interferometer [1] . We can now calculate the time evolution of the variance of the oscillator's position as a gravitational wave interacts with the cavity. The variance is given by
The key amplitude to calculate is a 2 = α 2 λe iΩgw |D(−2κγ)|λe iΩgw , which can be obtained from (8) by the substitution κ → 2κ. The variance to first order in (κλ) reads,
Note that a field with ∆Ẽ 2 < 1 is said to be in a squeezed state [24] . If only quantum noise is present in the cavity and the electromagnetic field is kept coherent throughout all the interaction, the variance in the electric field experiences infinite revivals of squeezing. Squeezing of light via optomechanics, or ponderomotive squeezing as commonly called in the literature, has been experimentally measured both in cool [25] and room temperatures [26] , eventough strong enough optomechanical coupling and coherence necessary to observe quantum revivals has not yet been achieved. In the gravitational case, revivals would occur at the characteristic frequency of the gravitational wave, which singles out the gravitational effect from other quantum optomechanical sources of squeezing. Ponderomotive squeezing revivals due to zero-point motion of the mirror would occur at a frequency of ω 0 (x zpm / 0 ) 2 [19] , tipically much slower than gravitational wave frequencies. The revivals are known to be a consequence of quantum mechanics [19] , and hence measuring them would indicate the quantum nature of the gravitational field. To observe N cycle quantum revivals the cavity lifetime τ c has to be larger than 2πN cycle /Ω gw and the system has to be kept coherent for all this time. From the cavity lifetime we can estimate the necessary reflectivity R of the mirrors and hence the cavity finesse,
As an example, consider the frequency range of LISA [27] , around 0.1 Hz and a cavity length of 0 = 10 6 km, order of magnitude of the arm length of the interferometer. The required finesse to observe 100 cycles of revival is then on the order of 6 × 10 3 . Since the combination of parameters 0 Ω gw appears in the finesse, similar numbers apply to the LIGO interferometer. The theory of cavities is in direct correspondence with that of Michelson and Sagnac interferometers [28] . The same analysis done here applies, with the appropriate changes, to ground and space-borne interferometric gravitational wave detectors. Squeezed gravitational waves. With the Heisenberg equation (6) we can calculate the effect of any gravitational wave state upon the cavity field. It is well known that the Big-Bang leaves a Cosmic Gravitational Wave Background (GWB) and theories of inflation predict that relic gravitational waves can be squeezed [29] . Consider the product of a coherent state and a squeezed gravitational wave state |Φ = |α |ξ 0 e iθ , where α, ξ 0 are chosen real numbers for simplicity and θ = 2Ω gw t is the time dependency of the squeezed state. We can write the squeezed state as a squeezing operator acting on the vacuum state, |ξ 0 e iθ = S|0 . The mean electric field reads,
Assuming ξ 0 1 (superhorizon scales [30] ), the operator S † DS is well approximated by a displacement operator with displacement −κe ξ0 (γ + γ * e iθ ), from which the vacuum-vacuum amplitude can be readily calculated. The electric field strain reads to relevant order in κ,
where we have used the expression for the squeezing parameter in terms of the gravitational wave frequency [29, 30] e ξ0 ≈ sinh ξ 0 = (υ/Ω gw ) 2 /2 and υ = 10 9 H 10 −4 M pl (Hz)
For H = 10 −4 M pl and Ω gw = 0.1 Hz the pre-factor in (18) is approximatelly 10 −15 . Note the mean electric field oscillate at half the gravitational wave frequency, but differently from a coherent wave, a squeezed wave produces oscillation in only one direction, albeit significantly smaller in magnitude, as the effect is now quadratic in κ to leading order. The frequency dependency of the oscilalting signals can be used as a resource to single out the wanted effect from unwanted background.
Conclusion. We have shown that the interaction of a gravitational wave with an optical cavity produces oscillations in the electric field of the cavity modes. In the case that the gravitational wave is in a coherent state, the oscillations are proportional to the gravitational wave strain and have a characteristic frequency equal to the gravitational wave frequency. This is analogous to the effect of a gravitational wave on a test mass bound by a harmonic potential. The calculation of the effect of a gravitational wave on a harmonic oscillator is typically done with classical general relativity. Here we provide a quantum calculation for an analogous effect, namely fluctuations in the mean electric field inside an optical cavity.
The uncertainty in the electric field also experiences revivals of squeezing at the same frequency as the gravitational wave oscillates. In the context of quantum optomechanics, it has been argued that these revivals are a consequence of quantum mechanics and hence a witness of quantumness of a harmonic oscillator [19] . Analogously, in the gravitational wave case, revivals of squeezing could provide a witness of the quantum nature of the gravitational field.
In the case that incident gravitational waves are in squeezed states, as expected from inflation theory, the mean electric field in the cavity oscillates at half the gravitational wave frequency and in a "unidirectional" way.
By monitoring the electric field inside a cavity it may then be possible to establish the need for quantizing the gravitational field, as well as measure squeezing of primordial gravitational waves. Despite significantly more challenging than simply measuring gravity-induced revivals of squeezing, the squeezing of gravity waves can provide valuable information on the primordial Universe and could constrain cosmological models [29] . Of course, to firmly establish these effects on an experimental ground, further analysis must be carried, taking into consideration the various sources of noise that would affect a potential experiment. It is however reasonable to expect fluctuations in the electric field on the order of one part in 10 9 , which is incidentally of the same order of the phase-fluctuations measured in present-day gravitational wave detectors. This suggests that the present ideas offer a promising route towards studying quantum effects of the gravitational field. Quantum gravity has been deemed outside the realm of experiments. One must not forget, however, that physics is an experimental science and that it is quite possible that the quantum nature of gravity will reveal itself sooner or later, after enough effort has been deployed.
